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Abstract In situ incubation experiments, complemented 
by tissue analyses, were conducted with the coral Porites 
lutea at four sites featuring contrasting environmental 
conditions: two shallow (3 m) reefs in Spermonde Archi­
pelago (Indonesia) subjected to coastal pollution (Lae 
Lae, LL) and oligotrophic waters (Bonebatang, BBA), 
respectively; a deep (20 m, KR-D) and a shallow (7 m, 
KR-S) reef at off­shore Ko Racha (KR) in the Andaman 
Sea (Thailand) subjected to pulsed upwelling. Mean tem­
perature varied only little (29-30℃). While most tis sue 
parameters responded to light and nutrient changes as ex­
pected, metabolic rates revealed surprising patterns: 3­ 
fold elevated calcification occurred at KR-S compared to 
all other sites despite reduced gross photosynthesis. Fur­
ther more, equal photosynthesis occurred in 7 and 20 m 
depth at KR, despite a 5­fold reduction in light intensity, 
which could not be solely ascribed to photo­acclimation 
processes, such as increased cell-specific chlorophyll a in 
20 m depth. These findings support the notion of a highly 
flexible species and indicate that this might partly be 
ascribed to a strong variation in the internal turnover of 
oxygen and nutrients between coral host and zooxanthellae, 
meaning a strong variation in the rates of energy ac­
quisition. Those differences are particularly difficult to 
determine in situ, but require greater attention in the future 
in order to enhance our understanding of metabolic pro­
cesses and acclimatization abilities.
Keywords metabolic plasticity, Porites lutea, eutrophica­
tion, pulsed upwelling, calcification, photosynthesis, in-
ternal turnover
Introduction
One of the most wide­ranging hermatypic coral species 
is Porites lutea (Edwards and Haime, 1851), which is 
found from the Red Sea across the Indian and Pacific 
Ocean to the western shores of Mexico. It thrives in 
oligotrophic, in turbid backreef and in coastal environments 
subjected to runoff of sediments and nutrients from land 
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(Scoffin et al. 1992; Veron 2000). This hints at a high 
phenotypic plasticity and/or at genetic adaptations of the 
coral host and/or their symbionts, the zooxanthellae. 
Various factors are known to influence the coral host and 
zooxanthellae, which have been assessed under controlled 
conditions in aquaria or in regionally restricted areas (e.g. 
depth gradient, eutrophication gradient). Examples are: (i) 
Decreasing light increases chlorophyll a (chl a) in zoo­
xanthellae (Dubinsky et al. 1990; Titlyanov et al. 2001). 
(ii) Increasing nutrients (organic) increase heterotrophy 
hence coral biomass and zooxanthellae density, which 
lead to increased photosynthesis and potentially also to 
increased calcification (Fabricius 2005; Houlbrèque and 
Ferrier­Pages 2008). Feeding capacity, however, is highly 
variable between symbiotic corals where the symbionts 
usually provide the majority of energy through photo­
synthesis (Anthony and Connolly 2004; Grottoli et al. 
2006). (iii) Increasing particle loads increase mucus pro­
duction, meaning a higher loss of energy and carbon 
through mucus release (Edmunds and Davies 1989). (iv) 
high light / photosynthesis supports calcification inter alia 
by the provision of fast energy (Tambutté et al. 2011). So 
far, physiological studies on reef corals of south­east Asia 
are scarce, and in situ studies across regions are lacking. 
Here, we assessed the physiological characteristics 
(metabolic rates and tissue parameters) of P. lutea from 
contrasting environmental conditions in terms of nutrient 
regimes, light intensity, and exposure, however within a 
very narrow temperature regime (29-30℃). The aim of 
the study was to investigate the coral’s phenotypic plas­
ticity and to validate generally accepted dependencies 
between environmental and physiological responses in 
two environmentally contrasting regions, in the Andaman 
Sea of Thailand and in the Spermonde Archipelago of 
Indonesia.
Material and Methods
Field experiments were carried out at four reef sites; 
two sites in Spermonde Archipelago, Sulawesi, Indonesia 
and two sites at Ko Racha, Andaman Sea, Thailand. In 
Spermonde, untreated effluents of the major harbour city 
Makassar and land­run off from aqua­ and agriculture 
create a strong cross­shelf gradient in water quality 
(Edinger et al. 1998; Renema and Troelstra, 2001). The 
near­shore turbid and polluted reef Lae Lae (LL, 2 km 
distance to shore) and the oligotrophic mid­shelf reef 
Bonebatang (BBA, 12 km distance to shore) were selected 
to present opposite sides of the cross­shelf gradient (Fig. 
1, Tab. 1). Maximum reef depth at LL was 5 m, hence 
experiments were carried out at 3 m depth near the reef 
edge at both sites. Ko Racha (KR) is an exposed island 
11 km south of Phuket in the Andaman Sea close to the 
continental shelf edge featuring oceanic water conditions 
(Scoffin et al. 1992). Here, monsoonal waves and large 
amplitude internal waves (LAIW) induced pulsed up­
welling of cold, nutrient­rich, low pH and oxygen­
depleted water (Osborne and Burch 1980; Roder et al. 
2010, Tab. 1), which constrain coral growth to a band of 
7 to 25 m. One shallow (7 m, KR-S) and one deep (20 m, 
KR-D) site were chosen on the western side of KR (Fig. 
1), where coral collection and experiments were per­
formed. The experiments were conducted in October and 
November 2008 in Spermonde and in March 2009 at KR. 
Due to the orography in south­east Asia, the timing of the 
monsoon varies significantly between regions and the 
timing of our study corresponds to the end of the dry 
season in both regions.  
Fragments of P. lutea were chiselled off the upper side 
of the colonies (one fragment per colony). They were 
prepared and incubated in situ in the corresponding depths 
as described elsewhere (Sawall et al. 2011). At KR sites, 5 
light (photosynthesis [P], light calcification [GL]) and 5 
dark (respiration [R], dark calcification [GD]) coral in­
cubations, as well as 3 light and 3 dark coral­free control 
incubations were  repeated over 3 consecutive days, yield­
ing a total of 15 (9) coral (control) replicates each for 
KR-S and KR-D. In Spermonde, 2 light and 2 dark coral 
incubations and 2 light and 2 dark coral­free control in­
cubations were repeated over 3 consecutive days, yielding 
6 replicates for both, corals and coral­free controls, in LL 
and BBA (decreased chamber number due to technical 
reasons). Incubations started at maximum irradiance (1:00 
pm local time) and lasted for 1 to 1.5 hrs. Net P (Pn), gross 
P (Pg) and R were determined by measuring the oxygen 
concentration in the beginning and at the end of the 
incubations. GL and GD were determined via the alkalinity 
2014-09-16
Sawall et al.: Coral metabolism in contrasting environments 3
Fig. 1　Locations of study sites in front of the island Ko Racha (KR­S and KR­D) and in Spermonde 
Archipelago (Bonebatang, BBA and Lae Lae, LL).
Table 1　Water parameter at the sites Bonebatang (BBA) and Lae Lae (LL) in Spermonde Archipelago and at the 
sites Ko Racha shallow (KR­S) and Ko­Racha deep (KR­D) at the off­shore island Ko Racha. Total suspended 
solids (TSS), chlorophyll a (chl a), particulate organic carbon (POC), particulate organic matter (POM), dissolved 
organic carbon (DOC), photosynthetic active radiation in the corresponding depth measured during experiment 
(PARdepth(measured)) and derived from NASA (monthly averaged surface values allocated with Kd values – 
PARdepth(NASA) . Values given as mean (standard error). Samples and measurements taken during incubations. 
Analyses done after standard procedures (see Supplementary Information). No data (n.d.).
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anomaly method (Schneider and Erez 2006; Sawall et al. 
2011). Light measurements were taken between 1:00 and 
2:00 pm with an underwater light meter (LiCor Li­192SA, 
Lincoln, USA) during incubations in the corresponding 
depth, measuring photosynthetic active radiation (PAR, 
µmol photons m－2 s－1).
Tissue extraction, processing, and analyses were 
conducted as described by Sawall et al. (2011). Shortly, 
after incubation tissue was removed from the skeleton 
with an air gun and 0.7 µm filtered seawater. The tissue 
slurry was homogenized and sub­samples were stored at 
－20℃ until analysis. Zooxanthellae density was deter­
mined with a haemocytometer (Fuchs­Rosenthal chamber) 
under the light microscope, chl a was measured fluoro-
metrically after extraction with acetone, dry biomass of 
the tissue was determined gravimetrically. Protein con­
centration was measured with a photometer after Bradford 
(1976) in host tissue and zooxanthellae after separation by 
centrifugation and sonication for cell wall break down. 
The surface area of the coral fragments was determined 
gravimetrically using the wax coating technique 
(Naumann et al. 2009). Replication size of the tissue 
parameter were double the amount of the metabolic rates, 
since each coral fragment was either used for light or for 
dark incubation, while tissue analyses were conducted for 
all fragments.
Metabolism and tissue data were tested for normal 
distribution and transformed, where necessary. One­way 
ANOVA and post-hoc Tukey for unequal sample size 
were applied to assess differences between the sites 
(Statistica 9). Multivariate statistics (Primer v6, 
PERMANOVA) were applied to explore trends and de-
pendencies between the different biological and envi ron­
mental variables (Clarke and Gorley 2006).  For this, a 
redundancy analysis, step­wise forward (named DistLM 
in Primer), was performed with the environmental data set 
(Tab. 1) as the predictor variables, (Euclidean distance) 
and the two biological data sets, metabolic parameters and 
tissue parameters, as the response variables (Bray­Curtis 
similarity). The applied environmental data sets for the 
two separate DistLM tests were the same, although with 
one exception: PARdepth (measured) was included only for 
testing potential effects on metabolic rates and PARdepth 
(NASA) was included only for testing potential effects on 
tissue parameters.
Results
Pg was about 65 % higher in eutrophic LL compared to 
oligotrophic BBA (Fig. 2a) in spite of similar average PAR 
intensities of around 600 µmol photons m－2 s－1 during 
incubations (PARdepth [measured], Tab. 1). At KR, Pg was 
similar in shallow and deep (Fig. 2a) in spite of 5­fold 
differences in measured light intensity (Tab. 1). This 
pattern was consistent for KR, if Pg was standardized to 
areal chl a (Tab. S1). In contrast, GL of P. lutea were 
similar at BBA and LL but almost 3­fold higher in KR-S 
compared to all other sites (Fig. 2b). Although, this pattern 
was reduced when GL was standardized to biomass (1.5-
2­fold difference between KR-S and Spermonde reefs) the 
difference remained the same between KR-S and KR-D 
(Tab. S1). The GL /GD ratios were more than 2­fold higher 
at KR, compared to Spermonde (Tab. S1). 
Zooxanthellae densities were almost 75 % higher in LL 
Fig. 2　Metabolism of the coral holobiont. a) Gross pho­
tosynthesis (Pg) and respiration (R). b) Light calci fication 
(GL) and dark calcification (GD). Bars represent mean±SE 
(BBA and LL: n＝6; KR­S and KR­D: n＝15). Significant 
differences (p＜0.05) are indicated by capital letters.
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than in BBA, while in KR they were similar in shallow and 
deep, being between the densities found at LL and BBA 
(Fig. 3a) The cell-specific chl a concentrations were com­
paratively low and similar in LL and BBA, while they 
were around 3­fold higher in KR and particularly high at 
KR-D (Fig. 3a). The cell-specific protein contents (ZProt) 
of LL and KR-D corals (~0.3-0.4 ng zooxanthellae－1) 
were about half the concentrations of the BBA and KR-S 
corals (Tab. S1). The coral tissue biomass increased con­
secutively from BBA to LL, KR-S and KR-D, while the 
absolute increase was more than 2­fold (Fig. 3b). The 
protein content of the biomass (% TProt) was particularly 
high at KR-S, being about 1.5­fold higher than at all other 
sites (Fig. 3b). All values of biological data (mean±SE) 
are available as Supplementary Information in table S1.
The pattern of the metabolism rates was best explained 
by the environmental parameter DOC, followed by the 
C/N ratio of POM and the turbidity with a cumulative 
probability of 50.8% (Tab. 2). The pattern of the tissue 
parameter could be explained best by PARdepth (NASA), 
followed by TSS and turbidity resulting in a cumulative 
probability of 35.8% (Tab. 2).
Discussion
The contrasting environmental settings of light intensity 
and nutrient related environmental parameters revealed 
significant effects on the tissue composition and metabolic 
rates, however not always as expected. The most remark­
able results were (i) 3­fold higher GL rate in KR-S com­
pared to all other sites despite a low Pg rate and (ii) equal 
Fig. 3　Tissue parameter of the coral holobiont. a) Zoo­
xanthellae (zoox) density and chlorophyll a (chl a) per 
zooxanthellae. b) Biomass (biom.) in mg dry weight (DW) 
and animal tissue protein (TProt). Bars represent mean 
±SE (BBA and LL: n＝12; KR­S and KR­D: n＝30). 
Significant differences (p＜0.5) are indicated by capi tal 
letters.
Table 2　DistLM results. The upper part of the table presents the probable effects of environmental parameters 
on the metabolic rates and the lower part the probable effects on the tissue parameters. Cumulative probability 
(Cumul. prob.).
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Pg rates at KR-S and KR-D despite a 5­fold difference in 
light intensity. 
Photosynthesis is the main energy source for the coral 
holobiont (Muscatine et al. 1984; Dubinsky and Jokiel 
1994), and the two most important parameters influencing 
zooxanthellae performance, hence photosynthesis, are 
nutrient and light availability (Dubinsky et al. 1990; 
Titlyanov et al. 2001). A clear effect of the monthly 
averaged PAR intensities on zooxanthellae composition 
was evident, explaining increasing pigmentation (chl a 
per zooxanthellae) from high light BBA to low light KR-D 
(Titlyanov et al. 2001). Nutrient­related parameters (e.g. 
TSS and turbidity) explain increased zooxanthellae den­
sities (Houlbrèque and Ferrier-Pagès 2008; Fabricius 
2005) in near­shore LL compared to off­shore BBA and 
medium values at the two KR sites. Furthermore, increased 
zooxanthellae densities explain the strongly elevated Pg 
rates at LL compared to BBA, which occurred despite 
similar light intensities during incubations (PARdepth 
[measured]; turbidity was lower in BBA, but cloudiness 
was higher during incubations). However, comparing now 
KR reefs with Spermonde reefs, it seems that the strongly 
increased cell-specific chl a concentrations at KR reefs 
(photo­acclimation) concomitant with intermediate zoo­
xanthellae densities were not able to counterbalance re­
duced light intensities with regard to photosynthesis. In 
particular at KR-S, photosynthetic rates seem to be very 
low, considering firstly that the zooxanthellae were well-
equipped (high chl a and protein content) and secondly 
that the light intensity varied greatly between KR-S and 
KR-D (5­fold).  On top of this, KR-S featured by far the 
highest day calcification rates, which do not match the 
low Pg rates and will be discussed later (second next para­
graph).
The relative contribution of heterotrophy to the coral’s 
nutrition under decreasing light intensity and/or increasing 
food availability is dependent on the corals trophic plas­
ticity (e.g. Anthony & Connolly 2004). Increased hetero­
trophy seems to be the case at KR if compared to Sper­
monde, indicated by higher biomass values as well as by 
elevated protein concentration in the animal tissue and 
zooxanthellae (Houlbrèque and Ferrier-Pagès 2008) at 
KR. However, TSS concentrations were similar at the KR 
reefs and eutrophied LL and POM was even higher at LL, 
which would infer equally or higher biomass and protein 
levels in LL. This promotes the idea that the DOC con­
centrations largely determine heterotrophic rates, which 
were in average 5­fold higher (DOC) at the KR sites 
compared to the Spermonde reefs. DOC contains inter 
alia free amino acids and microorganisms, which were 
shown to be taken up by some corals in substantial 
amounts (reviewed by Houlbrèque and Ferrier-Pagès 
2008), and which may even be the preferred food source 
for small­polyped corals like P. lutea. The uptake of DOC 
may additionally feed the bacterial activity within the 
coral’s gastric cavity, which would fuel nutrient turnover 
and availability, and consequently increase the coral’s 
metabolism (Agostini et al. 2012). Increased metabolism, 
particularly at KR-S, is also supported by the high cal­
cification rates. 
Hence, various parameters indicate that KR-S corals are 
well­functioning and highly active, which suggests that 
the Pg rates are considerably underestimated at that site. 
Similar photosynthetic rates of corals under very different 
natural light regimes (depth gradient) were previously 
found and associated to differences in light respiration 
rates (Titlyanov et al. 1991), including the coral P. lutea 
(Jantzen et al. 2013). This is supported by earlier respi­
rometer studies, which showed post­illumination en­
hanced respiration (PIER) by the coral host in response to 
increased supplies of O2 and photosynthates by the photo­
synthetic symbionts (Edmund and Davies 1988). Further­
more, microsensor studies revealed even higher (up to 11­
fold) respiration rates within the first few seconds after 
switching off the light (Al­Horani et al. 2003), suggesting 
that respiration rates are much higher in the light than in 
the dark (Nakamura et al. 2013). This means also that the 
internal turnover and hence the supply of energy is much 
higher than what we derive from classical respirometer 
studies, and that they may vary substantially under dif­
ferent environmental conditions (not only concerning light 
availability but also for example exposure, nutrients, 
temperature). Although it is difficult to determine these 
turnover rates, particularly in the field, we have strong 
support that differences in turnover rates occurred in our 
study. The following mechanism is suggested, explaining 
the strong underestimation of the calculated Pg particu­
larly at KR-S: 1. increased heterotrophy of DOC increases 
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bio mass and nutrient availability (if compared to Sper­
monde), 2. increased nutrient availability together with 
reduced light levels increases cell-specific chl a of the 
zooxanthellae (if compared to Spermonde), 3. increased 
nutrient avail ability together with better facilitated zoo­
xanthellae in crease autotrophy, 4. increased autotrophy 
in creases oxy gen and energy supply to the coral host, 5. 
this increases the metabolic activity of the coral host 
which pushes the internal turnover (recycling of O2 and 
nutrients), 6. high internal turnover results in high energy 
supply, which supports (inter alia) high GL rates (Nakamura 
et al. 2013). Those might be necessary to grow in the 
harsh LAIW­controlled environment at KR. At night 
(dark), calcification rates are strongly reduces at both KR 
sites (GL /GD rates ＞4.5) highlighting again the compara­
tively high activity of KR corals during the day, par ti­
cularly at KR-S.
In Spermonde, similar GL rates at both sites, despite 
substantially increased Pg rates at the eutrophic site LL, 
indicates an allocation of surplus energy / carbon at LL 
into other processes than GL. Promoted processes at LL 
certainly include zooxanthellae growth (increased den­
sities) (Edmunds and Davies 1989; Muscatine et al. 1989), 
but most likely also mucus production, which is usually 
higher in turbid waters (Crossland 1987; Anthony and 
Connolly 2004), thus preventing smothering by sediments 
(Edmunds and Davies 1989). Similar observations were 
made also for the coral Stylophora subseriata in Sper­
monde (Sawall et al. 2011).
In conclusion, the large differences in energy acquisition 
and allocation encountered in our case studies support the 
notion of a highly flexible species able to cope with 
various conditions. However, it also demonstrates the 
com plexity of metabolic responses to environmental con­
di tions, which might not only be ascribed to the metabolic 
plasticity but also to genotypic variability. In order to 
improve our understanding about acclimatization / adap­
tation processes of corals studies on their metabolism 
need to be intensified into the direction of the assessment 
of internal processes. Furthermore, they require a sophis­
ticated monitoring of environmental parameters and 
longer­term metabolism studies in order to discriminate 
between more and less important environmental drivers 
and they need to be combined with genetic analyses.
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Supplementary
Environmental data collection during the experiments
Light intensity profiles were taken between 1:00 and 
2:00 pm with an underwater light meter (LiCor Li­192SA, 
Lincoln, USA) on the experimental days (3 per site), 
measuring the photosynthetic active radiation (PAR, µmol 
photons m－2 s－1) just above and below the surface and 
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every 0.5 m down to 6 m depth. The light attenuation co­
efficient (Kd) was calculated as a measure of turbidity 
after Dennison et al. (1993) for each site using the equa­
tion E(z)＝Eo×e－Kd×z, where Eo and E(z) are the light 
intensities (PAR) just below the surface and in 6 m depth, 
respectively, and z is the difference in depth (6 m).
Triplicate water samples were taken at all sites and 
depths with a 5­l Niskin bottle. From each water sample, 
one 1-l sub sample was filtered on a GF/F filter to deter-
mine the chlorophyll a (chl a) concentration, three 1­l 
subsamples were filtered on three pre-combusted and pre-
weighed GF/F filter, for analyses of total carbon (Ctot) and 
nitrogen (Ntot) and organic carbon (POC) of the particulate 
organic matter (POM). Filters were stored at －20℃. A 
10-ml sample from the filtrate was filled into a glass am-
poule, acidified with H3PO4 (pH ＜2.0) and flame sealed 
for dissolved organic carbon (DOC) analyses. Chl a was 
extracted from the defrosted filter with 90% acetone over 
24 h at 4℃, the sample was centrifuged (4000 rcf, 5 min) 
and measured fluorometrically (10-AU Fluorometer, Turner 
Design, CA) in a glass cuvette at an emission wavelength 
of 668 nm and an excitation wave length of 430 nm (Boto 
and Bunt, 1978). Calibration was carried out with a chl a 
standard (Fluka, Sigma­Aldrich, Switzerland). Filters for 
Ctot, Ntot and POC analyses were dried, the weight of total 
suspended solids (TSS) determined and the concentrations 
of the elements were measured with an elemental analyzer 
(NA2100 Protein, calibrated with CHNS standard [LECO]). 
Filters for POC analyses were acidified with 1 N HCl and 
dried prior to analysis to remove the inorganic carbon. 
DOC was measured via the combustion method with a 
total organic carbon analyzer (TOC-VCPH, Shimadzu) using 
low carbon and deep sea water standards (Hansell, RSMAS, 
Univ. of Miami).
In order to evaluate the potential effect of the average 
light intensity, the monthly average products of photo­
synthetic active radiation (PAR) were derived from satel­
lite images from NASA, Giovanni Ocean Color Ra dio­
metry, data set from MODIS aqua 4 km, available online. 
These values correspond to PAR at the surface in October 
2008 for Spermonde and in March 2009 for Ko Racha, 
which were used to calculate PAR in the cor responding 
depth (PARdepth (NASA)) using Kd and the equation de­
scried above.
Current velocity was measured with an Acoustic Dop­
pler Current Profiler (1200 kHz Workhorse Sentinel ADCP, 
Teledyne RD Instruments) deployed at 4 m (Spermonde) 
and 20 m (Ko Racha) near the incubation sites, with a bin 
size of 1 m. The bins corresponding to the depths of ex­
periments were analyzed. Temperature loggers (Tidbit v2 
Temp, Bourne, MA, USA) were deployed at 10 and 20 m 
depth in Ko Racha in order to confirm the occurrence of 
LAIW. 
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Table S1　Metabolic rates and tissue composition. Metabolic rates Spermonde n＝6, Ko Racha n＝15; tissue 
parameter Spermonde n＝12, Ko Racha n＝30. Mean (±SE). Gross photosynthesis (Pg), respiration (R), light (GL) 
and dark calcification (GD), zooxanthellae (zoox), chlorophyll a (chl a), zooxanthellar protein (ZProt), host tissue 
protein (TProt), biomass (biom.).
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